Abstract-New insights suggest that dystonic motor impairments could also involve a deficit of sensory processing. In this framework, biofeedback, making covert physiological processes more overt, could be useful. The present work proposes an innovative integrated setup which provides the user with an electromyogram (EMG)-based visual-haptic biofeedback during upper limb movements (spiral tracking tasks), to test if augmented sensory feedbacks can induce motor control improvement in patients with primary dystonia. The ad hoc developed real-time control algorithm synchronizes the haptic loop with the EMG reading; the brachioradialis EMG values were used to modify visual and haptic features of the interface: the higher was the EMG level, the higher was the virtual table friction and the background color proportionally moved from green to red. From recordings on dystonic and healthy subjects, statistical results showed that biofeedback has a significant impact, correlated with the local impairment, on the dystonic muscular control. These tests pointed out the effectiveness of biofeedback paradigms in gaining a better specific-muscle voluntary motor control. The flexible tool developed here shows promising prospects of clinical applications and sensorimotor rehabilitation.
I. INTRODUCTION

D
YSTONIA is a syndrome characterized by excessive and sustained muscle contraction causing twisting and repetitive movements, abnormal postures, or both. New insights suggest that dystonic motor impairments could also involve a deficit of sensory processing and thus of sensorimotor integration [1] , [2] . Primary dystonia with childhood onset often generalizes and becomes a severe condition, causing significant motor disability and social impairment [3] . The current treatment options include pharmacological and surgical strategies [4] , [5] ; in children with primary dystonia, the results may be not always optimal. Deep brain stimulation (DBS) has allowed a massive improvement even if not steady in long-term and not effective for all tasks; hence specific rehabilitative trainings could represent a collateral approach for task-specific motor improvements. Which rehabilitative exercises are the most effective for dystonic people is still matter of discussion. Recently, Delnooz and colleagues [6] reviewed the effects of various paramedical treatments in primary dystonia. The biofeedback (BF) paradigm can be defined as the use of instrumentation to make covert physiological processes more overt [7] . The use of biofeedback provides patients affected by sensorimotor impairments with opportunities to regain the ability to better assess different physiological responses and possibly to learn self-control of those responses [8] - [11] . Information about the task can facilitate the learning process, in particular enhancing the implicit motor learning [12] . This information can be classified as either "intrinsic" or "extrinsic." Intrinsic feedback refers to a person's own sensory-perceptual information that is available as a result of movement being performed. Extrinsic feedback is usually given from an outside source, like the therapist, and it has a cognitive nature [13] . The biofeedback information is therefore an additive re-afference to the central nervous system (CNS). Thus, two main features have to be defined for biofeedback: the physiological information that is desired to be fed back to the subject and the channels to provide this information.
The main clinical applications of biofeedback have been based on the idea of motor re-education through visual or audio feedback of electromyogram (EMG), positional or force parameters, in real time [14] - [17] . By applying EMG-based BF, patients suffering from sensorimotor deficits were able to volitionally control single muscle activation thanks to the increased level of awareness of their muscular activity [18] - [21] . Another sensory channel that could be exploited for BF is the tactile one, using proprioceptive and vibratory stimuli [22] . Different studies showed successful application of haptic interfaces [23] ; for instance, Fielding and colleagues [24] showed that adding tactile feedback to a computer mouse enhances significantly the task performance.
As patients affected by dystonia seem to lack sufficient sensory feedback, visual and/or auditory EMG biofeedback were applied in cervical dystonia [25] , [26] inducing more volitional control over the abnormally active muscles. Even using the vibration as a way of providing extra sensory input showed positive effects [27] . Specific muscle EMG biofeedback was tested also in patients with writer's cramp [28] - [30] : they learned to relax the proximal limb muscles, which showed sustained contractions during writing. Besides these studies [32] , [33] . The promising results about a possible relevant role of haptics in the training of perceptual motor skills in virtual environments represent a strong motivation to exploit this approach in movement disorders.
Thus, in the present work we developed an innovative integrated setup providing EMG-based visual-haptic biofeedback during upper limb movements and we investigated a group of children with primary dystonia in order to determine the effect of two-channel biofeedback on dystonic symptoms as measured through EMG activity. Using both visual and haptic channels arises from current theories on sensory integration which suggest that receiving information from multiple sensory modalities can produce better performance than from a single modality.
II. METHODS
A. Subjects
Five children affected by primary dystonia (DYT1, DYT6, and genetically undefined), with different severities rated by the Burke and Fahn Dystonia Rating Scale (BFDRS), were recruited for this study. Five healthy subjects were recruited as a control group. Details are reported in Table I .
Participants or their parents or guardian gave written informed consent for the study in accordance with the Institutional Review Board of the Neurological Institute Carlo Besta.
B. Experimental Setup and Protocol
The setup we used was composed of a haptic device (Phantom Omni by Sensable, 1 kHz for real-time loop, maximum nominal force 3.3N) and an EMG device (Porti System, TMSi, 2048 Hz). The haptic-graphic interface was built up for the required task.
The real-time control algorithm was developed in Visual C++, so as to synchronize the Phantom position-force loop with the EMG signal reading; the EMG values were used to proportionally modify visual and haptic features of the interface. The raw EMG data given by the TMSi were preprocessed (high-pass filtering at 5 Hz, rectification and 40-sample moving average) and, in order to make feasible the EMG reading and the corresponding parameters updating into the Phantom control loop, were under-sampled at 20 Hz. The haptic device gives back a force feedback based on the end-effector position, thus it depends on the interactions with the elements built in the virtual environment.
The first step consisted of a subject-specific calibration phase on the dominant arm; the maximum voluntary contraction MVC and the EMG from the brachioradialis muscle were recorded and supplied to the control algorithm. The subject was asked to perform three trials keeping the maximum isometric effort for 5 s, while the real-time EMG signal was displayed in front of him.
Then, the task interface was shown, the subject was asked to follow a drawn spiral path lying on a virtual table, by moving the Phantom end-effector. Two 3-D touchable spheres (their color changed at touch) were added in the environment, to identify the start and the final points. Moreover, to check and facilitate the subject to stay leaning on the table while drawing, a bar was added on the screen: it became black when the subject leaned on the virtual table, white otherwise; this touch-based signal was stored by the control algorithm. The integration developed here with the EMG signals provides further real-time changes of the interface: the higher the EMG level, the higher is the virtual table friction and the background color proportionally moves from green to red. In particular, the acquired EMG values were normalized (nEMG) on the subject's MVC and were translated with an offset equal to the subject's rest baseline EMG nEMG
EMG-EMG MVC
The friction parameter of the path surface was linearly dependent from nEMG nEMG Thus, when nEMG and when nEMG MVC. The friction force rendered by the device depends on and on the exerted load perpendicular to the virtual table. Just as indication, considering a constant and slight pushing during the tracking task, as required, the friction force intensity could range from 0 to 2.5 N, depending on .
Analogously, the background color (Red Green Blue) was linearly dependent from nEMG nEMG nEMG Thus, RBG , i.e., green, when nEMG and RBG , i.e., red, when nEMG MVC. Above 50% MVC, the parameters kept the maximum level as The subject performed a few trials of the task for familiarization and received an explanation of the biofeedback codes meaning, i.e., with BF, he was asked to achieve the task naturally keeping the color far from red as much as possible and the surface friction as low as possible. Thus, the first series of five trials without any biofeedback, i.e., uniform color and null friction, was carried out (noBF). Immediately, the second series of five trials with biofeedback was performed (BF).
C. Data Analysis
The data analyses were carried out with Matlab (Mathworks) and with StatSoft.
Each trial was identified by the 3-D spheres touching events; this cut was performed on the kinematic data and on the synchronized EMG data (Fig. 2) .
The root mean square (RMS) was used as an estimation of the activity level [34] RMS nEMG where is the number of samples. Possible phases of not leaning on the table, e.g., when the subject fell down from table and tried to go back on it, were identified by the touch control bar and counted out of parameter estimations. As a rough evaluation of the kinematic outcome, a similarity index between a representative healthy smooth spiral and each of the ten spiral drawings (5 noBF and 5 BF), for each patient was computed, as Frechet distance (0 when the two curves are identical).
D. Statistical Analysis
The RMS values for each subject, for both noBF and BF, were estimated as the median values among the corresponding five trials. The variability was computed as interquartile range (IQR), i.e., 75th-25th percentiles distance. A two-way repeated measures ANOVA test was applied on all subjects. The withinsubject factor was the experimental condition, i.e., noBF/BF, and the between-subject factor was the group, i.e., dystonic/ healthy.
After the ANOVA test, a post hoc test Scheffé was performed to investigate the responsible factors for the potential significant effects.
In order to check whether an overall trend of improvement along the ten repetitions could bias the comparison between conditions (noBF versus BF), a test for trend significance detection was applied (Jonckheere-Terpstra test, suitable for dataset with few repetitions; null hypothesis: absence of a monotonic trend).
III. RESULTS Fig. 3 shows recorded EMGs from one healthy and one dystonic subject during a trial without BF and a trial with BF. Using a within-subject approach, it is qualitatively evident that, while for the healthy subject the BF did not have any impact on the muscle activation, for the dystonic child the contraction level decreased when BF was activated. The two-way ANOVA test on the median RMS values, for each subject without and with BF, outlined multiple factor roles. Both the between-group factor and the within-subject experimental condition produced significant effects (dystonic/healthy: , ; noBF/BF: , ); also the factor interaction determined a significant result . The post hoc Scheffè test highlighted the pairwise differences; the noBF/BF factor defined two statistically distinguishable populations within the Dystonic group , while it was clearly negligible into the healthy group . These results are shown in Fig. 4 .
The trend significance test on RMS values along the trial sequence for all subjects verified the absence of a monotonic trend . Thus, the BF had a dystonia-related significant impact on the measured outcome.
To exclude a role of the trial duration on this outlined difference between noBF and BF conditions within the dystonic group, a pair-matched nonparametric test (Wilcoxon) was performed on the median duration values: the within-subject movement duration was comparable regardless of the BF . Furthermore, the , i.e., the difference between and , was computed for each subject. This value was correlated (linear regression) with the local impairment measured as the EMG activity (RMS) in the standard condition (noBF). Such a correlation was significant : the higher the muscle-specific impairment, the higher the BF effect was on muscular control. These findings are displayed in Fig. 4(b) .
The same two-way ANOVA test applied on the variability index (IQR) outlined a significant effect both due to the group and due to the condition , but not to the factor interaction. This means that the movement variability, as expected, was higher for dystonic than for healthy; but the BF did not significantly affect the inter-trial variability in a selective way, i.e., not producing a distinguishable effect between dystonic and healthy subjects.
Concerning the kinematic evaluation, Table II reports the median and IQR of similarity indexes for each dystonic subject in the two conditions (noBF/BF). No significant effect due to the condition was found out (repeated measures ANOVA), even if a tendency to decrease such index (i.e., improvement in the kinematic performance) when BF acts could be noticed.
IV. DISCUSSION
The present work proposed an innovative integrated setup for EMG-based visual-haptic biofeedback during upper limb movements. Pilot tests demonstrated that children with primary dystonia were able to reduce the level of muscle contraction while provided with this biofeedback during a spiral drawing, thus outlining the effectiveness of BF paradigms in gaining a better voluntary motor control.
The design of our setup addresses the main features of an effective sensorimotor training based on BF paradigms. First of all, the training must be functional and dynamic, asking the subject to perform tasks related to the activities of daily living (ADL). Second, depending on the movement protocols and on the target pathology, the most relevant information to be fed back has to be appropriately selected. Third, the presentation modality of this information has to be: 1) intuitive and easy-tounderstand, to avoid information overloading problems; 2) relevant for knowledge of performance; 3) attractive and motivating to keep the subject attentive. Presented information such as lines on a computer screen or simple beeps can be neither intuitive nor attention grabbing, thus making participants, especially children, distracted quickly [35] . Thus, we have tried to overcome these issues. We exploited computerized graphics and haptic robotics, since they allow visual and kinesthetic interactions with the virtual environment. Through a simple interview at the session end, we collected each subject's opinion concerning the protocol acceptability (pleasant, fair, difficult, impossible). Two of them defined the task requirements (with and without BF) as fair; two pleasant and one, the youngest one, difficult due to the spiral shape to be followed. The spiral drawing can be considered a quite complex functional task related to writing, a relevant gesture of daily activities often impaired in dystonic children, and it is used in clinical practice for disease assessment. The EMG signal was related to one of the most involved muscles in such task, the brachioradialis; using only one signal avoids any information overloading or complex information fusion algorithm difficult to be decoded by children.
The clinical tests foresaw only few trials for each experimental condition, to keep away fatigue and demotivation which could have introduced bias effects on the results.
These findings, interestingly, showed a significant decrease of muscle activity when the dystonic population was provided with BF. No differences at all were found out for healthy population. This promising BF effect was moreover related to the muscle-specific impairment related to the task: the more severe the movement disorder was, the more the augmented feedback represented a useful information to enhance specific motor performance.
The combination of proprioception with additive source of sensory information allows CNS to better drive and modulate the actuators' activity [36] .
It is worth noting that in the present study the output measurement does not come only from clinical observation-based scales but from electrophysiological quantitative parameters; that has the advantage of requiring a lower patient number to demonstrate the treatment success [6] .
The neurological mechanisms underlying the effectiveness of biofeedback training are unclear; however, Basmajian [37] has suggested two possibilities: either new pathways are developed, or an auxiliary feedback loop recruits existing cerebral and spinal pathways, activating unused or underused synapses in executing motor commands [19] , [38] - [41] .
This study has developed and tested an innovative BF tool, outlining its interesting application for sensorimotor rehabilitation and functional training to improve motor control, in combination with other conventional techniques. The setup flexibility allows to define user-specific protocols and interfaces and the control algorithm is suitable for customization of the relationships between the physiological variable driving the BF and the rendered multimodal information. For instance, considering more complex tasks asking for interactions with virtual objects, other haptic proprieties could be tuned based on EMG signals, such as texture, damping features, and so on. Moreover, the BF effectiveness of each sensory modality could be evaluated stand alone, so as to define the most effective multimodal combination, eventually subject-specifically weighted.
Furthermore, the present data suggest that the provided information needs to be minimized in order to increase the technique acceptability, especially for very young children. For instance, the leaning-check bar could be displayed during the familiarization phase but not during the training, since it could overload the user with information not useful for motor control enhancing.
The whole integrated setup permits a detailed quantitative characterization of functional motor tasks, precious for movement disorders assessment, and its simple working mechanisms fit well in clinical application needs. Since the augmented feedback can improve motor learning, it can be expected that a BF continued training could establish new sensory engrams, applicable in performing movements without additive feedback and able to generalize on real-world tasks. Because of several promising results of BF on movement disorders, very recent research is proposing in-home BF systems, thus allowing a more natural and continuous training [42] .
Some limitations of the present study are worth comments and indicate the directions for future perspectives. First, the population sample is very limited and future studies will have to increase it and take into account an aged-matched control group, thus allowing a between-group analysis and an accurate correlation with clinical scale scores. Therefore, a systematic clinical assessment will be designed as a crossover study with a randomized order between control condition (noBF) and treatment (BF). Moreover, in order to systematically validate the BF effectiveness, the clinical study will have to measure the outcome indexes before, post and in a follow-up assessment. Some studies, on cervical dystonia, indeed, showed that sometimes the improvement observed during the session did not persist in a follow-up period [25] .
Second, the current setup does not permit severe patients to perform the task due to the inability to autonomously initiate any functional movement. The introduction of robot mechanical active assistance for motor task initialization and/or for antigravity support will overcome this limitation enlarging the potential user group.
In conclusion, a clinical study will aim to validate the preliminary promising findings of the new BF paradigm in dystonia proposed here.
